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On sub-and superhorizon modes during inflation and the infrared cut-off. -The statement in [2] , that at the beginning of the inflationary expansion the modes that are outside the (Hubble) horizon are not physically relevant, is physically incorrect. From the beginning to the end of inflation, both sub-and superhorizon modes are physical. This is because the presence of a Hubble horizon during an inflationary phase (not necessarily a de Sitter phase) just prevents two given observers separated at a certain time by a physical distance greater than the Hubble radius H −1 to "communicate" from that time on, to wit they are causally disconnected (in particular, if they are causally disconnected at the beginning of inflation, they will never communicate during inflation). This, however, does not imply that superhorizon modes, i.e. modes whose wavelength is greater than the Hubble radius, are unphysical. They are simply not selfcorrelated, in the sense that, even if they extend over regions of spacetime greater than the Hubble volume, they cannot be used to causally connect regions in spacetime that are not causally connected.
Moreover, inflation is not without end. Modes that were superhorizon during inflation begin eventually to re-enter the horizon after inflation, and early causallydisconnected observers begin eventually to communicate.
Therefore, the introduction in [2] of an infrared cutoff k min to remove superhorizon modes at the beginning of inflation is physically unjustified. The result in [2] that renormalized magnetic vacuum fluctuations vanish at inflation is, accordingly, incorrect.
On the magnetic power spectrum. -The magnetic power spectrum P phys (k, m) (see figure in [2] ) is not a physical (namely measurable) quantity (the index "phys" attached to P(k, m) simply means, in this context, a renormalized quantity), as it is clearly seen from the fact that it depends on the unphysical regulator photon mass m. It becomes a physical quantity just in the limit of vanishing mass m, in which case it is positive defined, P phys (k, m)/k being asymptotically proportional to a δ(k) function for m → 0, and then observable, and corresponds to have a scale-independent magnetic field (see the Appendix).
On the negativity of the power spectrum. -The procedure of renormalization (not necessarily the adiabatic one) could give rise to negative power spectra, or to negative energy densities. This is not our case [1] , but since in [2] [3] [4] those eventualities are considered "pathological", it is worth commenting on this.
There is no physical and/or mathematical reason why a renormalized power spectrum has to be positive defined. In quantum physics in Minkowski spacetime the positivity of the power spectrum is assured by the well-known Wiener-Khinchine theorem (see [5] for a quick derivation of this theorem, and for notations). When the applicability hypotheses of this theorem are satisfied, we have a positive-defined spectrum, and this comes from the positivity of the correlation function of Fourier transformed fields,
In Minkowski spacetime there is the possibility of having negative-defined power spectra [5] . This happens, typically, when
, is not well-defined (for example when it is divergent in the limit t → t ′ ).
In quantum fields theory in curved spacetime the applicability hypotheses of the Wiener-Khinchine theorem are not generally satisfied in the case of renormalized correlators. This is because the renormalized correlator C phys (0, k, k ′ ) is, in general, not positive defined in the limit t → t ′ , since it is given by difference between the exact correlation function and the adiabatic one,
(A) is the adiabatic vacuum (which coincides with the Bunch-Davies vacuum in the case of a de Sitter spacetime) andF some field operator.
When the power spectrum becomes negative for some value of k, the usual interpretation that the square root of the spectrum evaluated at k = 2π/λ gives an estimate of the intensity of the field on the scale λ simply breaks down, 1 indicating that no meaning can be given to the intensity of the field itself (we stress that this is not the case considered in [1] ). This should not come as a surprise. Observables in Minkowski spacetime (as for example the particle number [6] ) can lose meaning in curved spacetime under certain circumstances. Nevertheless, quantities derived from these "non-observables" can have physically observable effects.
To be more concrete, let us consider the simplest case of quantum fields in curved spacetime, to wit that of a massless real scalar field φ(t, x) in a cylindrical two-dimensional spacetime R 1 × S 1 (see [6] for notations and details). The positive-defined energy of the field is
, namely a constant (over space) negative energy density.
) is generally not positive defined. As in our case [1] , it depends on unphysical regulators (L ′ and α) and no physical meaning can be attached to it. Also, although no physical meaning can be given to quantities like the intensity of the spatial variation of the field 0 L |(∂ x φ) 2 |0 L ren (in the electromagnetic case this quantity would correspond to the intensity of the magnetic field), the effect of having a negative two-point
2 |0 L ren or a negative-defined energy can have observable effects.
The most famous examples is the Casimir effect (see, e.g., [6] ). The electromagnetic energy density between two infinite parallel conducting plates is positive defined but its VEV is ultraviolet divergent. After renormalization one finds that the VEV of the energy density between the plates is finite, negative, constant over space, and its effect (an attractive force between the plates) has been confirmed experimentally (see [7] for details).
On the validity of adiabatic renormalization. -The validity of the adiabatic renormalization procedure was criticized in [8, 9] . However, in [10] it was shown that the arguments used in [8, 9] contrast with some of the basic principles of renormalization in curved spacetime.
Here, we note that as explained in our paper and in the original paper by Parker and Fulling [11] (see also [10] ), the adiabatic renormalization is a formal procedure: One subtracts from the exact solution and mode-by-mode the corresponding approximate adiabatic solution, the latter being generally a "good" approximation in the ultraviolet part of the spectrum. However, in order to assure conservation of the renormalized stress tensor, one must apply this subtraction also to modes in the infrared part of the spectrum.
The introduction of a (time-dependent) infrared cutoff postulated in [8, 9] to eliminate subhorizon modes for which adiabatic expansion is not mathematically accu-2 According to the reasoning in [2] , one should expect the vacuum expectation value (VEV) of a positive-defined quadratic quantity like the energy density to be always positive. But, this is not the case for the renormalized case (and this is a consequence of the non-validity of the Wiener-Khinchine theorem).
rate, would be then accompanied by the physically unacceptable result of having a non-conserved renormalized stress tensor (see, e.g., [12] ). On the ultraviolet divergence and infrared spectrum. -Renormalization is introduced to cure the ultraviolet divergence of the magnetic spectrum. Such a process, as explained above, requires a subtraction of the adiabatic solution from the exact solution on the entire wavenumber spectrum. Therefore, it is not surprising that this subtraction may affect all modes, as already noted in [13] .
It is worth noticing that the same situation happens in quantum field theory in Minkowski spacetime when normal ordering, for example, the Hamiltonian (adiabatic renormalization of Hamiltonian reduces to normal ordering in flat spacetime [11] ). In order to remove the infinite vacuum energy caused by an ultraviolet divergence, one also eliminates the zero-point energies of quantum oscillators in the infrared part of the spectrum. (A similar situation occurs also in the above
Some naive considerations about adiabatic renormalization. -Minkowski spacetime can be formally obtained by de Sitter spacetime in the limit H → 0. In the former case, the VEV of the renormalized (i.e., normal ordered) electromagnetic stress tensor is zero. This means that vacuum fluctuations in Minkowski spacetime do not contribute to the expression of the stress tensor in the right-hand-side of Einstein's equations, namely they do not "gravitate". Instead, in de Sitter spacetime the VEV of the renormalized stress tensor is proportional to H 4 . 3 In this case then, vacuum fluctuations gravitate. The difference between the two above cases is essentially contained in the different expression of the Hubble horizon H −1 . In Minkowski case, the horizon is infinity. This means that all vacuum fluctuations are "inside the horizon". In de Sitter case, instead, the Hubble horizon is finite. There are modes inside the horizon and modes "outside the horizon". The adiabatic subtraction in the adiabatic renormalization procedure essentially "eliminate" the small-scale modes present inside the horizon, leaving (although not unchanged in order to have conservation of the renormalized stress tensor) the large-scale mode outside the horizon. We can argue from these considerations that only superhorizon modes gravitate.
We can give a naive explanation of why the energy of superhorizon modes enter in the right-hand-side of Einstein's equations, while the energy of subhorizon modes do not. Superhorizon modes cannot collapse being not causally self-correlated (otherwise they could be used to causally connect causally disconnected observers) and then "live" as "classical" real object (they have an infinite lifetime) and give a contribution to the stress tensor in the Einstein's equation, while subhorizon fluctuations can collapse and live as quantum virtual objects (they survive only for a finite time). 4 However, only the superhorizon zero-mode with physical wavenumber k/a = 0 "survives" to adiabatic subtraction (a is the expansion parameter). This can be understood as follows. Consider a massive Proca field, which reduces to the electromagnetic field in the limit of vanishing mass [1] . The magnetic spectrum is peaked at the physical wavenumber k peak /a ∼ f ew × m (the mode corresponding to k peak /a is a superhorizon mode since we are assuming that m < H/2 [1] ). Consequently, the magnetic field correlator is different from zero on scales 0 λ 1/m (see the Appendix). Therefore, while H sets the scale of energy, it is the mass of the field that sets the scale of correlation. In the limit m → 0 there is not such a scale, k peak /a → 0, and the field is scale independent.
Conclusions. -The criticisms in "Comments on Origin of cosmic magnetic fields" are physically and mathematically unfounded. Therefore, we stand by our original results and conclusions.
Appendix: Examples of misinterpretation of positivedefined power spectra. -We measure in real space, not in Fourier space. The true physical observables are correlators like B(x)B(y) , so attention must be given to the interpretation of the power spectrum. We give two examples of a possible misinterpretation of it.
i) Let us consider a delta-function spectrum P(k) = Ak δ(k − K), with A and K positive constants. According to the usual interpretation, one would expect that the square root of the spectrum evaluated at k = 2π/λ gives the intensity of the magnetic field at the scale λ. This interpretation is physically uncorrect. In fact, for the case at hand, one should have an infinite magnetic intensity on the scale λ = L = 2π/K, and no magnetic field intensity for λ = L. This is not the case.
, which shows that the magnetic field is appreciably correlated and different from zero on scales 0 ≤ λ L. The same correlation properties are obtained by using the "smoothed" field B λ (see, e.g., [15] for definitions). The magnetic field on the scale λ is in this case 4 A similar situation happens in the Casimir effect discussed above, where the modes with wavelengths greater than the distance between the two plates contribute mainly to the renormalized vacuum energy and then to the attractive force between the plates [14] .
λ is given by B 2 0 for 0 ≤ λ L and vanishingly small otherwise. (The above discussion shows that a power spectrum peaked at some wavenumber K, corresponds to a magnetic field correlated on scales 0 ≤ λ 1/K.) In the limit K → 0 (the case analyzed in [1] ), the field is present on all scales 0 ≤ λ < ∞ with constant B(x)B(y) | |x−y|=λ and B 2 λ , namely it is scale independent. This is the only and physically correct interpretation for such a type of spectrum.
ii) Let us consider a scale-invariant magnetic power spectrum, P(k) = A, with A a positive constant. Since it is both infrared and ultraviolet divergent, let us introduce an infrared cut-off, k min , and an ultraviolet cut-off k max . One would expect a constant and different from zero magnetic field on scales L min = 2π/k max ≤ λ ≤ 2π/k min = L max , and a null magnetic field on all the other scales. This is not the case. In fact, the correlator B(x)B(y) | |x−y|=λ = B 2 (x) [Ci(k max λ) − Ci(k min λ)] − j 0 (k max λ) + j 0 (k min λ), where Ci(x) is the cosine integral function, is quasi-constant for L min ≪ λ ≪ L max [it scales logarithmically as ∼ ln(1/λ)], is vanishingly small for λ ≫ L max , but it is different from zero for λ L min , approaching the maximal value B 2 (x) for λ ≪ L min . Also in this case, the same correlation properties are displayed by the smoothed field B 
